. Reliable measurements perpendicular to the plates, that is, along the crystallographic c direction, require new methods of sample preparation. Here we have employed a focused ion beam (FIB) as a powerful tool for shaping and contacting on submicrometre dimensions. A Ga 2+ ion beam is accelerated by 30 kV and focused onto the target, where it ablates the crystal without collateral damage. In addition to ablation, the FIB is also used to deposit micrometre-sized electric leads by ion-assisted chemical vapour deposition of Pt contained in a precursor gas, without exposing the structure to air. We have confirmed that FIB processing does not damage the crystals by comparing samples prepared with and without the FIB. This method of contacting, without previous cutting, was successfully applied to pnictide single crystals for in-plane currents 14, 15 . We have used the FIB to cut into the same single crystal three contiguous four-probe resistance bars, one in the ab plane and two along the c axis. The typical cross-section of the bars is ∼1-1.5 µm 2 and the voltage probes are 5 µm apart on the c-axis bars and 35 µm on the bar along the ab plane (Fig. 1 for more details see Supplementary Appendix SE). The resulting large-geometry-factor length/cross-section of the resistance bars of ∼4-35 µm −1 is appropriate for a four-point geometry. This U-shaped structure is optimized for the simultaneous measurement of c-axis and ab-plane resistivity on the same small section of a single crystal under identical conditions and is therefore well suited to address questions of electronic anisotropy in detail.
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With the discovery of new superconducting materials, such as the iron pnictides 1 , exploring their potential for applications is one of the foremost tasks. Even if the critical temperature T c is high, intrinsic electronic properties might render applications difficult, particularly if extreme electronic anisotropy prevents effective pinning of vortices and thus severely limits the critical current density, a problem well known for cuprates [2] [3] [4] [5] . Although many questions concerning microscopic electronic properties of the iron pnictides have been successfully addressed 5 and estimates point to a very high upper critical field [6] [7] [8] [9] , their application potential is less clear. Thus, we focus here on the critical currents, their anisotropy and the onset of electrical dissipation in high magnetic fields up to 65 T. Our detailed study of the transport properties of SmFeAsO 0.7 F 0.25 single crystals reveals a promising combination of high (>2 × 10 6 A cm −2 ) and nearly isotropic critical current densities along all crystal directions. This favourable intragrain current transport in SmFeAs(O, F), which shows the highest T c of 54 K at ambient pressure [10] [11] [12] , is a crucial requirement for possible applications. Essential in these experiments are four-probe measurements on focusedion-beam-cut single crystals with a sub-square-micrometre cross-section, with current along and perpendicular to the crystallographic c axis.
SmFeAsO 0.7 F 0.25 single crystals-as all members of the so-called 1111 family LnFePn(O, F) (Ln: lanthanide, Pn: pnictogen)-grow as thin platelets up to 200 × 200 × 10 µm 3 from NaCl/KCl flux under high pressure (30 kbar; refs 13,14) . Reliable measurements perpendicular to the plates, that is, along the crystallographic c direction, require new methods of sample preparation. Here we have employed a focused ion beam (FIB) as a powerful tool for shaping and contacting on submicrometre dimensions. A Ga 2+ ion beam is accelerated by 30 kV and focused onto the target, where it ablates the crystal without collateral damage. In addition to ablation, the FIB is also used to deposit micrometre-sized electric leads by ion-assisted chemical vapour deposition of Pt contained in a precursor gas, without exposing the structure to air. We have confirmed that FIB processing does not damage the crystals by comparing samples prepared with and without the FIB. This method of contacting, without previous cutting, was successfully applied to pnictide single crystals for in-plane currents 14, 15 . We have used the FIB to cut into the same single crystal three contiguous four-probe resistance bars, one in the ab plane and two along the c axis. The typical cross-section of the bars is ∼1-1.5 µm 2 and the voltage probes are 5 µm apart on the c-axis bars and 35 µm on the bar along the ab plane (Fig. 1, for more details see Supplementary Appendix SE). The resulting large-geometry-factor length/cross-section of the resistance bars of ∼4-35 µm −1 is appropriate for a four-point geometry. This U-shaped structure is optimized for the simultaneous measurement of c-axis and ab-plane resistivity on the same small section of a single crystal under identical conditions and is therefore well suited to address questions of electronic anisotropy in detail.
The temperature dependence of the ab-and c-direction resistivity in the normal state in zero field is given in Fig. 2 . The ab-plane resistance decreases almost linearly down to T c (∼48 K) with ρ(300 K)/ρ(50 K) = 3.3, in good agreement with previous studies on 1111 pnictides 11, [14] [15] [16] . Along the c axis, the resistivity continuously increases superlinearly from 300 K to T c and the anisotropy ρ c /ρ ab increases from 2 at 300 K to 10 at T c , following a particularly simple T dependence, parameterized by d ln(ρ c /ρ ab )/dT = −1/T 0 with T 0 = 86.4 (±0.6) K. We found the anisotropy to continue this trend at lower temperatures by suppressing superconductivity in pulsed magnetic fields (squares in Fig. 2 The U-shaped samples are very well suited for studies in pulsed magnetic fields because both current directions are simultaneously probed and the large geometry factor and sample resistance result in an excellent signal-to-noise ratio (>110 in four-probe above T c ). The high-field experiments were carried out at the National High Magnetic Field Laboratory in pulsed fields up to 65 T (100 ms pulse duration). A 100 µA excitation current was passed through the sample and the voltage signals on all legs were recorded simultaneously using a custom digital lock-in amplifier operating at 64 kHz. The average noise floor in pulsed fields corresponds to <0.25% ρ n for j ab and <0.05% ρ n for j c, reflecting the larger normal-state resistance along the c axis.
In Fig. 3 , the magnetoresistance of SmFeAsO 0.7 F 0.25 is shown for field orientations parallel and perpendicular to the c axis and for current along both orientations. The four panels capture the main qualitative results: the overall feature and field scale of the resistive
c a x i s transition is mainly determined by the orientation of the magnetic field with respect to the crystal axes, and is essentially independent of the current direction. This is an important prerequisite for the application in superconducting wires as the supercurrent in a polycrystalline wire is always limited by the least favourably oriented crystallites. We note the remarkable observation that the behaviour in the only Lorentz-force-free configuration H c, j c (lower left panel) is not significantly different from those with Lorentz force present at this level of dissipation. At a given temperature, the low-dissipation region (ρ 0) extends to higher magnetic fields when the field is parallel to ab (right panels of Fig. 3 ). As the resistance in the superconducting state is caused by vortex motion, these results indicate that vortices are more strongly pinned if they are parallel to the plane. This dependence of the resistivity on the orientation of the magnetic field is typical for layered superconductors, but is least pronounced in the pnictides 14, 15, 22, 23 . To identify the field scales for potential applications, we estimate the magnetic field H * up to which dissipation-free current transport can be maintained. Given the noise floor in pulsed fields, we have adopted a conservative definition of H * (T ) at ρ(T ,H * ) = 10 µ cm. This low level of dissipation, however, is still significantly larger than technical definitions of dissipation-free transport (ρ < 10 −6 µ cm). We have also measured ρ near T c down to 10 −3 µ cm in d.c. fields up to 14 T with significantly lower noise. When H * (T ) is defined at lower levels of dissipation, it is shifted to lower temperatures by ∼0.5 K per decade of ρ. The thus-defined 
, however, is the weak dependence of H * on the current direction and thus another important requirement for operation in high fields is met.
For applications in superconducting magnets, large critical current densities j c are also required. In the following discussion of the experimental results, it is worth keeping in mind that the value of j c depends on the dissipation level inherent to a particular experiment. We thus adapt the notation j c trans for the critical currents measured by direct transport and j c mag for magnetically measured critical currents. We found a nearly isotropic intragrain critical current density in the range of 10 6 A cm −2 , employing the following two methods. The most direct way to obtain j c trans is to increase the applied current through a superconducting sample until a potential drop can be observed. Such experiments require extremely large currents for usual cross-sections, and thereby endanger the sample and cause significant heating at the contacts. We have employed the FIB again to carve a structure featuring two free-standing nanoscopic bridges out of the same SmFeAsO 0.7 F 0.25 single crystal lamella, one bridge along the c axis and one in the ab plane (Fig. 4a , cross-section: 608 nm × 768 nm, length 800 nm (c axis), 566 nm × 860 nm, length 2 µm (ab plane), ∼1 contact resistance). This structure enabled us to directly measure current densities up to 1.6×10 6 A cm −2 without exceeding 7 mA. The critical transport experiments were carried out in a Quantum Design PPMS 14 T superconducting magnet using a Keithley Delta Pulse System. Rectangular 123 µs current pulses of increasing amplitude were passed through the sample at 1 s The critical current density increases steeply with decreasing temperature at any given field and reaches a high and only weakly field-dependent value at low temperatures. These favourable intragrain properties suggest a large H-T region interesting for application.
intervals to ensure proper thermalization and the voltage drop across the bridge was integrated for 68 µs (after 55 µs rise time). To avoid damage to the sample, the pulse ramp was stopped when a voltage limit of 15 µV was reached and a criterion of 5 µV was used to define j c trans (the inset in Fig. 4b shows raw I -V data). The shape and width of the onset of observable resistivity did not change when we increased the pulse duration by a factor of three, and thus self-heating could be ruled out in good agreement with numerical thermal simulations. To further prove the high reproducibility of our results, these measurements were carried out on three different samples using different pulsed and continuous current measurement methods, which all gave very similar results (Supplementary Appendix SC). Even as the bridge geometry was not optimized to fully eliminate effects of corners, these results show that transport of current with densities of at least 1.6 × 10 6 A cm
can be achieved at low temperatures. The second method, used to estimate j c mag , involves measurements of the magnetization loops M (H ) of macroscopic crystals, oriented with the magnetic field either perpendicular or parallel to the ab planes. These measurements were carried out in a superconducting quantum interference device magnetometer (Quantum Design MPMS). From the width, M (H ) of the loops j c mag has been calculated using Bean's model 24, 25 , which has been shown to be a realistic description of the current configuration also in Ba(Fe,Co) 2 As 2 (ref. 26) .
The results for j c trans and j c mag are given in Fig. 4 , and each of them emphasizes different aspects. Starting at low temperature, particularly noteworthy are: (1) j c trans and j c mag exceed 10 6 A cm −2 , (2) these terms are essentially independent of the field and only weakly field and current orientation dependent up to 14 T and (3) the two methods applied to different crystals from different growth runs yield very similar results. Remarkably, the absolute values are very similar in all experiments, considering the use of different samples, slightly different doping concentrations during sample growth and the error resulting from the estimation of the effective crystal volume for the magnetization measurements.
The large values of the critical current reflect the highly effective pinning in this materials class 27 and give reason to expect that it can be further enhanced by proper material design and treatment. Even at the present level, j c trans and j c mag reach values that are generally considered a minimal requirement for technical applications 28 . Within the experimental accuracy, both j c trans and j c mag are independent of the magnetic field orientation at low temperatures. Furthermore, the transport measurements directly show that the critical current density j c trans c along the c axis is very similar to the ab-plane value at the lowest temperatures, giving a critical current ratio of j c trans c/j c trans ab ∼ 2.1. In Ba(Fe,Co) 2 As 2 crystals (T c ∼ 23 K) with critical currents in the range of 10 5 A cm −2 , the corresponding ratio is ∼1. 5-3 (refs 18,26) . At higher temperatures and in high magnetic fields, j c trans c decreases more rapidly than j c trans ab but stays above the high level of 10 5 A cm −2 in fields up to 14 T and temperature up to 25 K. It remains an open question whether the origin of the pronounced upturn of j c mag seen in Fig. 4c and the reduction of anisotropy is rooted in the multigap superconductivity. Interestingly, the dissipation on the 10 µ level, used to define H * , is weakly dependent on the current direction even at higher fields, suggesting that both types of j c may continue this behaviour to much higher fields.
Above the temperature of liquid-helium, differences between j c mag and j c trans become noticeable: whereas j c trans remains high, j c mag decreases and anisotropy develops. Such a difference between the j c values associated with different dissipation levels is expected from the two measurement methods and reflects the 'broadening' of the I -V characteristics at voltage levels undetectable in the present transport measurement. The length of the nanobridges (limited by the thickness of the crystals) and the sensitivity of the pulsed current experiment sets a lower bound of 50 mV cm −1 for the electric field criterion used to define j c trans , which is noticeably higher than the criteria used in industry (∼1 µV cm −1 ). On the other hand, the electric fields associated with j c mag are orders of magnitude lower than the ones used in transport, as this technique senses the persistent shielding currents in the sample 24 . However, this difference yields further information about the I -V characteristic over many orders of magnitude: a broad I -V curve results in a difference between j c trans and j c mag , whereas a sharp I -V characteristic gives similar results. As the difference between the two methods gradually diminishes on cooling, the data given in Fig. 4 indicate a pronounced sharpening of the I -V characteristic at low temperature. This sharpening is also directly observed in the transport I -V measurements (Fig. 4b, inset) . A similar dependence of the critical current density on the electric field criterion has also been found in cuprates in the context of the non-monotonic field dependence of the 'fish tail' effect in magnetization 29 . As different superconducting power applications tolerate different electric fields (for example, superconducting high-power a.c. applications versus d.c.), these details of the I -V characteristic give valuable insight into the potential applications of SmFeAs(O, F) in various devices.
We have mapped out a large region of the j c (T , H ) phase diagram of SmFeAs(O, F) summarized in Fig. 5 . H * delimits the region of onset of resistance on a scale of 10 −2 ρ n , whereas the critical current density for j c trans ab, H c is mapped out in great detail from transport measurements in d.c. fields. Furthermore the magnetically measured j c mag reveals a pronounced peak that broadens and moves to higher fields at low temperatures originating from the fish-tail effect in the magnetization loop. This suggests collective pinning to become more effective at low temperatures as reflected in the convergence of the j c trans and j c mag values. The pinning properties have been systematically studied in the series of SmFeAs(O, F) and NdFeAs(O, F) single crystals with different F substitution levels, confirming that the fish-tail effect is a general feature of these compounds. The pinning force has been LETTERS analysed by a scaling procedure providing evidence that pinning centres of only one type [30] [31] [32] are responsible for the observed fish-tail effect (see Supplementary Appendix SD). For temperatures above 7 K, the peak in j c mag (H ) occurs in magnetic fields H peak available in our experiments. Extrapolating the measured peak field to lower temperatures, we estimate µ 0 H peak ≈ 10 T at 2 K. This large value, together with the measured critical currents, places SmFeAs(O, F) in the small group of high-T c superconductors promising for applications.
In addition to the presented highly promising intragrain transport properties, grain boundary current suppression and metallurgical issues will have to be addressed. From a microscopic physics point of view, it will be an outstanding challenge to understand how multiband, multigap superconductivity with pronounced temperature dependencies, for example, of the superfluid density, will influence vortex physics and its implications for the technical critical current density.
